Although it has been reported that polysaccharides found in Lycium barbarum possess neuroprotective effects, little is known of their ability to ameliorate hyperglycemia-aggravated ischemia/reperfusion brain injury. In this study, normoglycemic (NG) and hyperglycemic (HG) rats were compared after 30 minutes of middle cerebral artery occlusion (MCAO), followed by 24 or 27 hours of reperfusion, with HG rats pretreated with lyceum barbarum polysaccharides (LBP) or insulin. In each group, the neurological deficit, infarct volume, pathohistology, and expression of proteins, Opa1 and Drp1, were assessed to determine the efficacy of LBP in alleviating hyperglycemia-aggravated ischemia/reperfusion brain injury. Our results show that, compared to the NG group, the HG group had increases in neurological deficits, infarct volume, and evidence of neuronal pyknosis at 24-and/or 72-h of reperfusion (P<0.05) and that pre-treatment with LBP decreased these effects (P<0.05). In addition, immunohistochemistry revealed an increase of Drp1 and a decrease of Opa1 positive neurons in the HG group after 24 and 72 hours of reperfusion when compared to the NG group. LBP treatment prevented the HG-induced alterations in Drp-1 and Opa1 expression. Western blots further confirmed these findings showing that HG caused an increase in phospho-Drp1 and a decrease in Opa1 which were subsequently reversed by LBP addition. These results suggest that hyperglycemia-aggravated ischemic brain damage is associated with an alteration of mitochondrial dynamics and that pre-treatment with LBP ameliorates the hyperglycemia-enhanced ischemic brain damage through maintaining mitochondrial dynamic balance.
Introduction
Lycium barbarum, commonly known as Chinese wolfberry or Goji Berry, is a plant belonging to the Solaneae Reich, Solanaceae family. It has been used as a traditional Chinese medicine for over two-thousand years in part to increase visual acuity and to prevent liver damage. In recent years, it has also been used to reduce the side effects of chemotherapy and radiotherapy [1] . Recent studies have shown that Lycium barbarum polysaccharides (LBP) are the main active components in Chinese wolfberry fruit and are
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International Publisher responsible for an antioxidant function observed in Lycium barbarum [1, 2, 3] . LBP has also been shown to protect neurons from ischemic retinal injury, ischemic brain injury, and beta-amyloid peptide-induced neuronal cell death [4, 5, 6, 7] . However, its mechanism of function and the molecular pathways involved remain elusive [1, 2] .
Cerebrovascular diseases are a common cause of death in humans and the primary reason for disabilities in elderly populations [8] . Contributing to these outcomes, clinical studies have shown that underlying conditions, such as diabetes or high blood glucose levels, could significantly aggravate brain injury after stroke [9] . Several animal models have confirmed that hyperglycemia increases cerebral infarct volume and cerebral hemorrhage, leading to a poorer prognosis [10] . However, the mechanisms of hyperglycemia-exacerbated cerebral ischemia/reperfusion damage are still not fully understood and there is no appropriate therapeutic approach to prevent or control the hyperglycemia-enhanced ischemic brain damage [11] . It has been reported that hyperglycemia increases neuronal death through activation of mitochondria-initiated apoptotic pathways [12] . Mitochondrial dynamics is closely related to apoptosis [13] . For example, mitochondrial dynamic imbalance towards mitochondrial fission promotes cytochrome c (Cyto-C), apoptosis-inducing factor (AIF) and second mitochondria-derived activator of caspases (SMAC) release from mitochondria into the cytoplasm, which in turn activates the mitochondria-mediated apoptosis pathways [13] . Therefore, mitochondrial dysfunction and membrane stability play an important role in ischemic brain injury [14] . Hyperglycemia-aggravated cerebral ischemic injury may be related to mitochondrial dynamic imbalance. The aim of the present study is to examine the protective effect of the LBP on hyperglycemia-aggravated ischemia/reperfusion brain injury and its relationship to mitochondrial dynamics and mitochondria-initiated cell death pathways. To that end, streptozotocin (STZ)-induced diabetic hyperglycemic rats were subjected to 30 min of MCAO, followed by 24 and 72 hours of reperfusion. We observed histopathological outcomes and measured the levels of optic atrophy 1 (Opa1) and dynamin-related protein 1 (Drp1) using immunohistochemistry and Western blot. These findings were compared to normoglycemic and hyperglycemic with either LBP or insulin pre-treatment before MCAO and reperfusion.
Materials and Methods

Animals and reagents
Sprague-Dawley rats (8 weeks old, 200-220g) were provided by the Experimental Animal Center of Ningxia Medical University (Yinchuan, China). All animal use and procedures were in strict accordance with the Chinese Laboratory Animal Use Regulations. Efforts were made to minimize animal stress and to reduce the number of rats used for this study. The following chemicals and antibodies were used: 2,3,5-triphenyltetrazolium chloride (TTC, Sigma, USA), monoclonal Opa1 antibody (Abcam, Hong Kong), monoclonal Drp1 antibody (Abcam, Hong Kong), phospho-Drp1 antibody (Cell Signaling  Technology, MA, USA), horseradish peroxidase-conjugated secondary antibody (Sigma, USA), streptozotocin (STZ, Sigma, USA), Lycium Barbarum polysaccharides (LBP, Ningxia Agricultural College, Yinchuan, China). Opa1 has one or two cleavage sites (S1 and S2) on the N-terminus and the average value of 3 bands were analyzed using Western blot.
Animal groups
The rats were randomly assigned to four groups (Table 1) , (1) MCAO in normoglycemic rats (NG); (2) MCAO in hyperglycemic rats (HG); (3) MCAO in hyperglycemic rats pretreated with LBP (LBP); (4) MCAO in hyperglycemic rats pretreated with insulin (Insulin). Each group was further divided into 3 subgroups according to reperfusion time-points (sham, 24-and 72-h). [15] .
Drug treatments
Animals in LBP-treatment group were injected daily i.p. with LBP dissolved in saline (25 mg/kg/day). LBP treatments were initiated 3 weeks after the induction of diabetes and continued for 4 weeks (w) prior to the induction of MCAO. Animals in the Insulin group were treated with insulin (2 U/day) by subcutaneous injections following the same protocol as in the LBP group. The Insulin treatment serves as a standard control. The rats in the NG and the sham subgroups of HG groups received saline (i.p.) for 4 weeks.
MCAO and sample preparations
The animals were anesthetized with 3% isoflurane for induction and maintained at 1.0 -1.5% during the surgical procedures [16] . The anesthesia was delivered in a 70% N 2 O/30% O 2 mixture using a facemask (MATRX VIP 3000). The rats underwent right MCAO to induce focal cerebral ischemia. Briefly, the internal carotid artery (ICA), external carotid artery (ECA), and the common carotid artery (CCA) were isolated through a midline incision. The right ECA and CCA were ligated at the proximal end away from the bifurcation. A small incision was made on the ECA and a nylon filament (Sunbio Biotech CO., Beijing) was inserted from the ECA to ICA until a faint resistance was felt. After 30 min occlusion, the filament was withdrawn to achieve recirculation. After surgery, the rats were maintained in an air-conditioned room at 20°C within an animal intensive care unit (Lyon). In the sham group, the blood vessels were separated but without occlusion of the MCA. Neurobehavioral performances were evaluated after the animals woke up and rats with a Zea-Longa scores [16] of 2-3 were regarded as a successful occlusion model.
At 24-and 72-h of reperfusion after 30 min ischemia, the rats were re-anaesthetized. Animals used for histology were perfusion fixed with 4% paraformaldehyde and the brains post-fixed in 4% paraformaldehyde for 24 h at room temperature. The brains were cut into 2 mm thick coronal blocks and embedded in paraffin. The blocks were sectioned into 4 µm slices and used for Hematoxylin & Eosin (HE) staining and immunohistochemistry. Animals used for protein assays were euthanized and the brains from the ischemic caudoputamen and the overlaying cortex were stored at -80 °C for Western blotting.
Infarct volume assessment
The brains were removed and frozen at -20°C and were subsequently cut into 2 mm thick coronal sections. These sections were immersed in a 1.5% solution of TTC at 37°C in a thermostatic incubation box for 30 min, turning back and forth once every 15 min with ophthalmic forceps and fixed in 4% formaldehyde overnight. Image-J image analysis software 1.48 was used to measure infarct volume (pale region). The infarct volume was calculated according to the following equation: (contralateral area -ipsilateral non-infarct area) / contralateral area x 100% [16] .
Neurological deficits score
Neurological deficits were scored using a modified scoring system developed by Zea-Longa [16] : 0, no neurological deficits; 1, failure to fully extend right paw; 2, circling to the right; 3, falling to the right; 4, unable to walk spontaneously and exhibiting depressed levels of consciousness. The rats with scores of 2 -3 were selected as the MCAO models. The T-maze was used to track animal behavior, which recorded movement from the approach alley to the goal arms, latency, number of crossings, and residence time in the right arm. At the beginning of the test, the rats were placed in the initial arm and were allowed to freely choose the target arm after opening the small gate. No matter which side the animal chose, it received a food reward. Then, in a subsequent test, if the rat entered a goal arm that it had not previously entered, it received a reward; the times were recorded during all tests. Each rat was tested five individual times.
Immunohistochemistry
For immunohistochemistry, the 4-µm-thick sections were submerged in citrate buffer (pH = 6.0) and heated at boiling temperature under a high-pressure situation for 5 min for antigen retrieval. To block endogenous peroxidase activity, the sections were allowed to cool to room temperature and were treated with 3% H2O2 for 30 min at room temperature and blocked by 5% bovine serum albumin (BSA, in PBS). The sections were incubated overnight (4°C) with primary antibodies specific to Drp1 (1:200) and Opa1 (1:200). The sections were washed in phosphate-buffered saline (PBS) and then incubated in horseradish-peroxidase-conjugated anti-rabbit secondary antibody for 1 h (37°C). The reaction was visualized with diaminobenzidine (DAB). Images from five microscopic fields (400×, HPF) were captured with a microscope and analyzed with Image-J analysis software 1.48. Number of positively stained cells was counted with the average number of 5 different microscopic fields.
Western blot
The frozen brain tissues from the ischemic caudoputamen and the corresponding cortex were homogenized on ice with lysis buffer. All protein samples from the different groups (50 µg/µl) were electrophoresed on an 8% sodium dodecyl sulfate polyacrylamide electrophoresis gel and were then electro-transferred to polyvinylidene fluoride membranes (0.45 μm, Millipore, USA). The membranes were incubated in 5% BSA for 3 h at room temperature and were then immersed in primary antibody overnight at 4°C. The primary antibodies were as follows: Rabbit anti-Opa1 antibody . On the following day, the membranes were washed with tris buffered saline and Tween-20 ( TBST, pH 8.0) and incubated in secondary antibody (peroxidase-conjugated AffiniPure goat anti-mouse IgG or goat anti-rabbit IgG, 1:5000) for 1 h at room temperature. The signal protein bands were detected by chemical luminescence (Thermo Fisher, USA) and the images were captured using the Gel Imaging Analysis System (Amersham Imager 600, GE Healthcare). Semi-quantitative results were obtained by measuring the optical density of the target bands and were expressed as the ratio of each targeted protein to β-tubulin.
Statistical analysis
All data were expressed as mean ± standard deviation (SD). Statistical analysis was performed using one-way ANOVA with SPSS 19.00. Tukey's post hoc test was used for multiple comparisons. The t-test was used for testing between two groups. Statistical significance was determined as P < 0.05.
Results
Body Weight and blood glucose
The HG groups had lower body weights than the NG group after 1 week of diabetes (Fig. 1A, P<0.05) . The body weight of rats in LBP and insulin treated groups were also lower than the NG group at 3-and 4-weeks of LBP or insulin-injections (P<0.05). However, there were no significant differences in body weight among LBP, Insulin and HG groups (Fig.  1A) . As expected, the blood glucose levels were significantly increased in the HG, LBP, and Insulin groups after STZ-injection (Fig. 1B) . The blood glucose levels at 1-and 4-weeks of LBP injections in LBP group showed obvious decreases compared to the HG group (P<0.05). Additionally, the treatment of insulin also lowered the blood glucose level at 4 weeks (Fig.  1B) .
Assessments of neurological deficits and T-maze
Neurological deficits were not found in sham-operated animals. Neurological deficits were observed at 24-and 72-h of reperfusion in the NG, HG, LBP, and Insulin groups as expected ( Fig. 2A) .
Compared with the NG group, the HG group had more severe neurological deficit scores after ischemia/reperfusion (P<0.05). Pre-treatment with LBP or insulin significantly decreased neurological deficit scores at 24-and 72-h of reperfusion ( Fig.  2A, P<0 .05). The T-maze test (Fig. 2B) , which measures learning functional deficits and spatial working memory, showed that rats in HG group spent less time than the NG group at the target arm after ischemia/reperfusion (P<0.05), and the LBP and Insulin groups spent longer times there than the HG group at 24-and 72-h of reperfusion (P<0.05). 
Infarct volume
As expected, no infarct was observed in the sham rats (Fig. 3A) . Compared with the NG group, the HG group had larger cerebral infarct volumes (Fig. 3B, P<0.05 ). LBP and insulin treatment prior to MCAO resulted in significantly reduced infarct volumes 24 hours after reperfusion (P<0.05). 
Histopathology
Histopathology was observed in brain tissue from the frontal cortex and caudate nucleus using Hemotoxylin and Eosin stained sections (Fig. 4A) . In the NG ischemia group, swollen neurons in the infarct region, widened gaps between cells and small blood vessels, and shrunken neurons were observed (Fig.  4A) . At 24-and 72-h reperfusion, the numbers of neuronal pyknosis were significantly increased in the HG group compared to NG group (Fig. 4B, P<0.05) . Compared with the HG group, LBP or insulin pre-treatment reduced neuronal pyknosis at 24-and 72-h reperfusion (Fig. 4B, P<0.05 ).
Localized expression of Opa1 and Drp1
Abundant positive staining of Opa1 was observed in neurons from brains of sham-operated and NG animals (Fig. 5A) . Following ischemia and reperfusion, the numbers of Opa1-positive cells were decreased in NG, HG, LBP, and Insulin groups (Fig.  5B) . Conversely, the numbers of Opa1-positive cells were significantly decreased in the HG group when compared to the NG group (Fig. 5B, P<0.05) . LBP or insulin pre-treatment up-regulated Opa1 expression in the cells at 24-and 72-h reperfusion (Fig. 5B, 
P<0.05).
As shown in Figure 6 , Drp1 expression was detected in the cortex of HG sham-operated rats (Fig.  6A) . The numbers of Drp1-immunostained cells were increased after ischemia/reperfusion (Fig. 6B) . Compared with the NG group, the number of Drp1-positive cells in the HG group was significantly increased at 24-and 72-h reperfusion (Fig. 6B, P<0.05) . The LBP or Insulin groups exhibited significantly decreased Drp1-positive cells at 24-and 72-h reperfusion (Fig. 6B, P<0.05 ).
Western blot of Opa1 and Drp1
As shown in Figure 7 , increased expression of Drp1 and phospho-Drp1 and decreased expression of Opa1 were demonstrated by Western blotting in HG group at 24-and 72-h reperfusion when compared to NG ischemic rats (Fig. 7A) . Pre-treatment with LBP increased the expression of Opa1 at 24-h reperfusion and suppressed the expression of Drp1 and phospho-Drp1 at 24-and 72-h reperfusion (Fig. 7A) . Compared with the NG group, the relative expression of Opa1 was significantly decreased (Fig. 7B) , and the ratio of phospho-Drp1/Drp1 was increased in HG group at 24-h reperfusion (P<0.05). Meanwhile, compared to HG group, the relative value of Opa1 was significantly increased in LBP group at 24-h reperfusion, and the ratio of phospho-Drp1/Drp1 was decreased in LBP group at 24-and 72-h reperfusion (Fig. 7C, P<0.05) . 
Discussion
Diabetes is one of the most common diseases in humans, and diabetic hyperglycemia is a major leading factor in tissue damage [8] . Diabetic patients with high blood glucose levels have a greater chance of suffering from stroke, and diabetic patients after stroke have significantly worse neurological outcomes than non-diabetic patients [8, 9] . In the present study, the diabetic hyperglycemia rat model was successfully established, following 30 min ischemia and 24-and/or 72-h reperfusion. Rats with high blood glucose concentrations exhibited larger infarction volumes, more neurological deficit scores, reduced T-maze test times, and more pyknotic neurons than normoglycemic rats. These results suggest that diabetic hyperglycemia aggravates brain injury induced by ischemia/reperfusion. The mechanisms of hyperglycemia-aggravated cerebral ischemia/ reperfusion injury are poorly understood, and interventions for hyperglycemia-aggravated ischemic brain injury have made little progress [11, 13] . Therefore, future studies are needed to explore the molecular mechanisms of hyperglycemia-aggravated cerebral ischemia/reperfusion injury and potential effective drugs for treating this disease [11] .
LBP is the main polysaccharide isolated from the Chinese wolfberry, a plant dominantly grown in the Ningxia district of People's Republic of China, and is probably the active component of the plant [1, 2, 17, 18] . Pharmacological studies have reported that LBP possess anti-oxidant, anti-aging, anti-tumor, anti-hypertension, lipid-lowering, and immuneregulating effects [1, 17] . In the present study, we demonstrated that pre-treatment with LBP in diabetes-hyperglycemic rats decreased the neurological deficit scores, infarct volumes, and pyknotic neurons compared to the non-treated hyperglycemic ischemic rats at 24-and/or 72-h reperfusion. The results suggest that the pre-treatment with LBP in rats reduces the neurological deficits and neuronal injury induced by diabetic hyperglycemia. Our study has shown that LBP prevents damage to neurons to effectively limit brain damage caused during ischemia/reperfusion with underlying diabetic hyperglycemia. LBP have been shown to increase survival of cultured retinal ganglion cells, as well as to decrease neuronal cell death, retinal swelling, and oxidative injury following retinal ischemia/reperfusion damage [18, 19, 20] . LBP can also increase cell-surface levels of glucose transporter type 4 (GLUT4) in vivo and improve GLUT4 trafficking and intracellular insulin signaling [21] . Furthermore, LBP enhances the survival of damaged pancreatic islets cells, protects pancreatic cells against disturbances, and increases the number of β-cells to raise insulin secretion [22, 23] .
Mitochondria are highly dynamic organelles that experience continuous fission, fusion, trafficking, and turnover, all of which contribute to the maintenance of mitochondrial function [12, 13] . Mitochondrial dynamics contributes to the stability of the mitochondrial membrane, which constitutes a dynamic interconnecting network [13, 14] . The changes in mitochondrial dynamics are regulated by GTP-related proteins, which include mitochondrial fusion protein 1 and 2 (Mfn1/2), Opa1, and Drp1 [13, 14] . Mfn1/2 is located in the outer membrane and promotes fusion of two adjacent mitochondria. Opa1 is located in the inner mitochondrial membrane, which plays a crucial role in mediating mitochondrial fusion within the inner membrane [14] . Using siRNA to block Opa1 expression results in morphological changes in the mitochondrial cristae, as well as vesicle structure production [24] . Opa1 is also essential for the assembly and stability of the mitochondrial respiratory chain and the sequestration of pro-apoptotic cytochrome molecules within these tight junctions [25] . Conversely, Drp1 is mainly found in the cytoplasm and can be transferred from the cytoplasm to the outer mitochondrial membrane, where Drp1 combines with Fis1 in the outer membrane of the mitochondria for mitochondrial fission [26] . These two factors work together to form a loop in the middle of mitochondria and divides them into two parts [26] . Mitochondrial fission is mainly controlled through Drp1 activity, and the frequency of the split determines mitochondrial morphology and function [26, 27] . Therefore, Drp1 is essential for the stabilization of mitochondrial morphology within the cells [27, 28] . In the present study, we have shown that transient focal cerebral ischemia/reperfusion down-regulated Opa1 and up-regulated Drp1 in the normoglycemic rats, suggesting mitochondrial dynamic imbalance towards fission is involved in mediating ischemic neuronal damage. Diabetic hyperglycemia further down-regulated Opa1 and up-regulated Drp1 after MCAO, suggesting that diabetes further tilts the mitochondrial dynamic towards fission.
Numerous studies have focused on mitochondrial fission/fusion in ischemia/reperfusion [29, 30] . The loss in a balance of fusion and fission can lead to other acute cerebral injuries, especially ischemic stroke [20, 29] . In the present study, diabetic hyperglycemia down-regulated Opa1 and up-regulated Drp1 in the temporarily focal cerebral ischemia/reperfusion rat model. LBP intervention can increase the expression of the mitochondrial fusion factor, Opa1, and decrease the expression of the mitochondrial cleavage factor, Drp1. These results suggest that LBP may be a mitochondrial membrane stabilizer, as well as play a role in the maintenance of mitochondrial structure in the diabetic hyperglycemic rat models. Previous studies have shown that hyperglycemia aggravates ischemia/reperfusion injury through many signal transduction pathways [20, 31] . Hyperglycemia increases the accumulation of lactic acid in HT22 cells, which results in the production of alcoholic lactic acidosis, free radicals, and oxidative stress, and also induces brain injury by increasing oxidative damage [20, 32] . Hyperglycemia also increases brain damage by activating the mitochondrial apoptotic pathway [13] . Our present research showed that LBP can be a mitochondrial membrane stabilizer through up-regulating Opa1 and down-regulating Drp1. This may suggest a self-protection mechanism of LBP in the mitochondria [33] . This may also be one of the manifestations of LBP many functions, such as its protective role in neurons [4] , and anti-oxidant [3, 4] and immune-regulating effects [7] .
The limitation of this study is that it provided an association relationship among ischemic brain damage, mitochondrial fission markers and LBP treatment. In order to further clarify the role of mitochondrial dynamic balance in diabetic ischemia, future study could use therapeutic compounds to inhibit mitochondrial fission and to promote mitochondrial fusion.
In summary, in the present study, a diabetic hyperglycemia and temporary focal cerebral ischemia/reperfusion rat model was successfully established. As expected, the blood glucose levels were significantly increased in the HG, LBP, and Insulin groups after STZ-injection (P<0.05). Compared with the NG group, the HG group had increased neurological deficits and neuronal pyknosis at 24-and 72-h (P<0.05). Pre-treatment with LBP and insulin decreased neurological deficits and neuronal pyknosis at 24-and 72-h of reperfusion (P<0.05). Compared with the NG group, the HG groups produced larger cerebral infarct volumes (P<0.05). LBP and insulin treatment prior to MCAO resulted in reduced infarct volumes at 24-h after reperfusion (P<0.05). In immunohistochemistry, Drp1 positive cells were increased and Opa1 positive cells decreased in the HG group at 24-and 72-h reperfusion compared to NG group; Drp1 and Opa1 positive cells in LBP group were decreased and increased, respectively. In Western blotting, a decreased relative value of Opa1 at 24-h reperfusion and an increased ratio of phospho-Drp1/Drp1 at 24-and 72-h reperfusion were demonstrated in HG group compared to NG group; an increased Opa1 and a decreased ratio of phospho-Drp1/Drp1 were tested in LBP group compared to HG group (P<0.05). Overall, these results suggest that hyperglycemia aggravates brain injury induced by ischemia/reperfusion, and pre-treatment with LBP could prevent the enhanced damage through improved mitochondrial dynamics. LBP may be a promising drug for intervention in hyperglycemia-aggravated cerebral ischemic injury.
